Memory storage involves activity-dependent strengthening of synaptic transmission, a process termed long-term potentiation (LTP). The late phase of LTP is thought to encode long-term memory and involves structural processes that enlarge the synapse. Hence, understanding how synapse size is graded provides fundamental information about the information storage capability of synapses. Recent work using electron microscopy (EM) to quantify synapse dimensions has suggested that synapses may structurally encode as many as 26 functionally distinct states, which correspond to a series of proportionally spaced synapse sizes. Other recent evidence using superresolution microscopy has revealed that synapses are composed of stereotyped nanoclusters of a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors and scaffolding proteins; furthermore, synapse size varies linearly with the number of nanoclusters. Here we have sought to develop a model of synapse structure and growth that is consistent with both the EM and super-resolution data. We argue that synapses are composed of modules consisting of matrix material and potentially one nanocluster. LTP induction can add a trans-synaptic nanocluster to a module, thereby converting a silent module to an AMPA functional module. LTP can also add modules by a linear process, thereby producing an approximately 10-fold gradation in synapse size and strength.
Introduction
It has long been known that short periods of neural activity can cause persistent changes in the strength of excitatory glutamatergic synapses, a process called long-term potentiation (LTP). Such changes provide a mechanism for at least some forms of long-term memory [1] . Synaptic strength is defined by the size of the postsynaptic response generated by an action potential in the axon that innervates that synapse [2] . The question of how graded such changes in synaptic strength can be bears importantly on how much information the brain can store but has not been experimentally answered. Because it is very difficult to conduct physiological experiments on single synapses in the brain, there have been few relevant studies and these have not yielded a consistent picture; some experiments have pointed to binary storage mechanisms [3] [4] [5] , while others have suggested a larger number of states [6] .
An alternative way to gain information about the gradation of synaptic strength is based on anatomical information. Electron microscopy (EM) has shown that synapse size, as defined by the area of the postsynaptic density (PSD), varies over a very wide range and correlates with the volume of the spine that contains that synapse [7] . Furthermore, synaptic strength, as measured by the response to locally applied glutamate, varies directly with spine volume [2] . There are, therefore, strong reasons to believe that synaptic strength is & 2017 The Author(s) Published by the Royal Society. All rights reserved. correlated with synapse size. Thus, studying the size heterogeneity of synapses can provide insight into the gradation of synaptic strength.
Recent work has provided the first evidence that LTP produces an increase in synapse size [8 -10] . It has long been known that LTP occurs in two phases, an early phase which lasts on the order of an hour and does not depend on protein synthesis and a late phase that does [11] . Recent EM experiments suggest that early LTP does not involve growth of the PSD, whereas late LTP does [8] [9] [10] . Furthermore, analysis of EM images suggests that the growth of a synapse involves an expansion of both the PSD and a presynaptic structure called the presynaptic grid [7] . These two structures are exactly in register and covary in size over a large size range. Thus, growth of a synapse is a trans-synaptic process [7, 12] . One limitation of EM is that the same structure cannot be studied both before and after LTP induction, and conclusions must, therefore, be based on statistical analysis. It is thus important that other recent studies using light microscopic analysis of structural proteins of the PSD have been able to follow the incorporation of structural proteins over time after LTP induction [8, 9] . These studies show that two structural proteins of the PSD, PSD-95 and Homer, do not increase during early LTP but do increase during late LTP [8, 9] . Thus, a strong working hypothesis is that LTP induction produces slowly developing trans-synaptic growth of the synapse and that it is this structural change that encodes long-term memory.
An important recent study [13] provided the first estimate of the number of stable states that could be encoded by synapse size. This study took advantage of the fact that some axons make two synapses onto the same target cell, synapses that are likely to have similar activity history. The main finding is that such synapses have nearly identical size and are on spines of nearly identical size (measured by EM). On the other hand, such pairs differ dramatically in size from each other. A simple model of the data suggested potential rules of memory gradation: (i) that a lower limit on the number of distinguishable size states is 26; and (ii) that these states differ in size by an increment proportional to their size (i.e. distinguishable states do not differ by a quantal value).
The above analysis of synapse structure was based on EM data, but recently super-resolution microscopy [14] [15] [16] [17] has revealed other data relevant to understanding the gradation of synaptic size and strength. Various techniques, including stimulated emission depletion (STED) microscopy, singleparticle tracking photoactivation localization microscopy (sptPALM), universal point accumulation in nanoscale topography (uPAINT) and direct stochastic optical reconstruction microscopy (dSTORM), have been employed to explore the molecular organization of synapses under the diffraction limit. Notably, it is now clear that synapses contain clusters of a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors (AMPARs, approx. 0.1 mm diameter) associated with similar size clusters of the synaptic structural proteins Homer and PSD-95. Various terms have been used to describe these clusters (subcluster, nanodomains, etc.), which we will refer to as nanoclusters. The data show that the number of such nanoclusters varies with synapse size [14, 16, 17] . These super-resolution studies provide substantial new data about the substructure of the synapse (see also [18] ), but there has been no previous attempt to reconcile this data with the EM data [13] described above. Here we have sought to determine whether a model can be developed that is consistent with both lines of experiments. We show that such a model can be developed. This leads us to the conclusion that synapses may grow by quantal addition of trans-synaptic modules and that the number of possible size states is about 10.
Results
(a) Analysis of super-resolution data Figure 1a shows images of nanoclusters visualized in [14] . Specifically, (a)1 and (a)2 show PSD-95 nanoclusters in the sptPLAM intensity images of spines having labelled PSD-95. (a)3 shows AMPAR nanoclusters, as visualized using sptPALM, and (a)4 shows the corresponding single-particle trajectories of AMPARs obtained from time-lapse sptPALM recordings. The size of nanoclusters is fairly uniform (figure 1b). AMPAR nanoclusters have a typical length of approximately 70 nm (area approx. 0.004 mm 2 ) [14] . Nanoclusters of PSD-95 are characterized by a diameter of approximately 100 nm (area approx. 0.008 mm 2 ) [14] and are thus roughly similar in size to AMPAR clusters.
Such visualization of synapses reveals that the number of nanoclusters within a synapse can vary. The probability distribution for the number of AMPAR nanoclusters within a spine is shown in figure 1c ; more than 80% of synapses contain one or more AMPAR nanoclusters. Importantly, some synapses have zero AMPAR nanoclusters and thus are likely to correspond to AMPA-silent synapses [19 -22] . Figure 2 shows how PSD area (as measured in [14] by fitting super-resolution dSTORM images using twodimensional anisotropic Gaussian functions) varies with the number of AMPAR nanoclusters. The open circle represents silent synapses that contain no AMPAR nanoclusters, whereas solid data points correspond to synapses with one or more AMPAR nanoclusters. In the simplest model, synapses would be composed of an integral number of subunits (we will use the term 'module'), each of which would contain either no nanocluster or one nanocluster. Fitting the data in figure 2 figure 2 that shows the size of synapses containing no nanoclusters. Thus, in the simplest theory, the development of a synapse having one nanocluster could arise by adding a nanocluster to a silent synapse having no nanoclusters, i.e. one that contained only matrix. A further important finding is that synapse size is linearly related to the number of nanoclusters (filled circles in figure 2) .
In summary, the data from super-resolution dSTORM imaging [14] (b) Analysis of electron microscopy data
We next considered the analysis of serial section EM data [13] that provides information about synapse area and the number of docked vesicles (defined by the authors as vesicles within 100 nm of the presynaptic grid). The three-dimensional reconstructions were made from these sections [13] . The tissue analysed was from the middle of the stratum radiatum of hippocampal CA1 from three adult male rats (55-65 days old). Plotting number of vesicles versus PSD size, we noted a previously unappreciated aspect of the data: that among the small synapses (blue rectangle region in figure 3a ) that constitute most of the data, there appear to be two separable groups. Figure 3b shows the contour plot constructed from figure 3a, which better delineates these two groups. The group of smaller synapses has a synapse area of approximately 0.03 mm 2 and only a small number of docked vesicles (approx. three vesicles).
The group of slightly larger synapses has an area of approximately 0.04 mm 2 but has many more docked vesicles (approx. nine vesicles). Further analysis of these small synapses (area , 0.06 mm 2 , region outlined by magenta dashed lines in figure 3b) shows that the docked vesicles and PSD area scatter points data are fit somewhat better by a two-component Gaussian mixture model as compared to a one-component model. We obtained similar results if the data were fit in log space. Evaluating the quality of the fits using the Bayes information criterion (BIC), which includes a penalty for more fitting parameters qualities, gave a difference of DBIC ¼ 1.2. This value indicates that the observed difference is suggestive, but not demonstrative. While the difference in PSD area of the two groups is small (0.03820.033 ¼ 0.005 mm 2 , p ¼ 0.0112), the main separation of the two groups is due to differences in docked vesicle number. On average, the smaller group has 3.5 vesicles, while the larger group has 8.8 vesicles. While the data are strongly suggestive of two groups of synapses, the data are too limited to generate strong statistical support for this assertion; given the limited number of data points, we cannot completely exclude the possibility that the grouping arose by chance. However, it remains noteworthy that the existence of two groups and the average area of each group are consistent with what would be expected from the superresolution results shown in figure 2. Specifically, it seems , 225 nm in diameter) are ones containing a single AMPAR-containing nanocluster. A larger dataset will be needed to more strongly test this proposal.
We next sought to determine whether the size distribution of PSDs (or the number of associated vesicles), as measured by EM, might provide direct evidence for a quantal size distribution, as would be predicted on the basis of the model suggested above. The histograms of synapse size and vesicle number are shown in figure 4a,b, respectively (data from CA1 synapses). The quantal nature of synapse growth would predict a series of evenly spaced peaks in these histograms corresponding to an integer number of modules. Because the smallest synapses may have no modules, we eliminated these synapses from the histogram (the synapses shown are associated with more than five vesicles (170 of 236)). Both the histograms for PSD areas and for docked vesicles were fit with a quantal model:
2 , where i denotes the number of modules. The distribution for synapses with i modules forms a Gaussian peak located at x i ¼ iD, where D is the quantal increment between adjacent peaks, i.e. the size of a module. Each Gaussian peak is characterized by a width of s i ¼ ffi ffi i p s and amplitude of A i . The normalized amplitude e A i ¼ A i = P A i represents the probability of observing a synapse that contains i modules.
Fitting the PSD area and vesicle number distributions with the theoretical distribution described above yields several interesting results. First, the R 2 values for PSD area and vesicle number are 0.902 and 0.872, respectively. Second, both histograms, but particularly the vesicle number data, strongly hint at a second peak in the PSD area distribution. Because this peak is twice the size of the first peak, the data are consistent with this part of the distribution being due to synapses having one or two equal size modules. Third, the relative number of synapses in the first (one module) and second (two module) peaks is very similar in figure 4a , b, respectively. These fits suggest that approximately 75% (76% from fitting PSD area, 74% from fitting the vesicles) of the non-silent synapses contain two or fewer modules. Despite this consistency with a quantal distribution, it should be emphasized that the data are too sparse to statistically prove the quantal nature of the distribution. It can be seen in figure 4a that the number of observations contributing to the second peak is only 7 and in figure 4b is only 14. These numbers are too small to prove convincingly that a second quantal peak exists. Thus, the most that can be said at this point is that the data are not inconsistent with quantal peaks and, indeed, provide a suggestion that they exist. To statistically prove the quantal distribution would require more data. Despite the limitations of these data, they are consistent with the super-resolution data. Specifically, the EM data yield an estimate of D, the module size, that is consistent with the super-resolution data. D, which was a free parameter in our fit to the EM data, has a value of 0.041 mm 2 as calculated from the PSD area distribution and 0.042 mm 
Discussion
We have attempted to find a common framework for understanding what EM and super-resolution light microscopy reveal about the rules that govern variation in synapse size. An important observation that strongly constrains possible models is the finding that PSD size is linearly related to the number of nanoclusters of AMPAR (figure 2). This observation is easy to understand in terms of a process that adds stereotyped (quantal) modules to synapses but is difficult to understand if synapses grow by a proportional process. We have been able to obtain estimates of the size of the modular structure from both super-resolution and EM data, and these appear to be reasonably compatible. The super-resolution data [14] show that there are two groups of small synapses, one in which synapses contain no AMPAR nanoclusters (and are therefore silent) and a second group in which synapses are 13% larger and contain a single nanocluster. The EM data [13] similarly reveal two groups: the first (smaller synapses) is notable because its synapses contain very few presynaptic vesicles (two or three vesicles), whereas synapses in the second group are 28% larger and contain nine vesicles on average. To unify the EM and super-resolution data, it seems reasonable to conclude that the smallest synapses observed by both methods correspond to silent synapses. Super-resolution microscopy indicates that these smallest synapses have no nanoclusters of AMPARs and thus are silent. By EM, the smallest synapses have about two or three docked vesicles (note that vesicles must be present at silent synapses to activate N-methyl-D-aspartate (NMDA) channels [23] Figure 2 . Plot of PSD size versus number of AMPAR nanoclusters. PSD sizes were measured from PSD-95 staining using dual-colour dSTORM [14] . The black line is a linear model based on the assumption that synapses are composed of an integer number of modules, each containing matrix material and a single AMPAR nanocluster. Filled circles represent synapses containing AMPAR nanoclusters, and open circle corresponds to silent synapses. Each module is approximately 0.06 mm 2 (approx. 276 nm in diameter). The figure is plotted from data in [14] . Error bars indicate cell-to-cell variability. Alternatively, all data points (silent synapses and functional synapses) in figure 2 can also be fitted by a single line as originally done in [14] , leading to a module size of approximately 0.04 mm 2 , which is even smaller than the size of silent synapses. However, as will be described later, other evidence also suggests that silent synapses should be treated as a separate group and should thus be excluded from the linear fit of synapse sizes.
rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 372: 20160328 approximately 0.05 mm 2 (252 nm in diameter) by super-resolution. Although these estimations do not match exactly, they are in the same general range and it is possible that such a difference might be methodological. On the one hand, estimation of PSD area using three-dimensional EM data [13] could result in underestimation because of tissue shrinkage during fixation. On the other hand, light microscopy may inherently overestimate size because even a point source has area. It is important to note that nanoclusters of scaffold proteins and receptors have so far only been identified via super-resolution microscopy, whereas EM analysis has not reported them. The super-resolution microscopy work showed that PSD-95 and AMPAR are present throughout the PSD, but their concentration is elevated within nanoclusters. This elevation was identified based on thresholding of fluorescence intensity and the demonstration that the spatial distribution of proteins is statistically non-random. Such analysis has not yet been applied to EM data but could potentially reveal the nanoclusters.
A definitive demonstration of quantally distributed synapse size could potentially be obtained from the analysis of size distribution of synapses, as measured by EM; these should have quantally spaced peaks. Unfortunately, measurement of synapse size remains tedious, and the number of synapses that have been measured is only a few hundred. Thus, the reported size distribution is noisy (figure 4), precluding any firm conclusions. Nevertheless, when we fit this noisy data with a function that assumes quantally distributed sizes, the fit is reasonably good and the derivation of quantal size (0.041 mm 2 by PSD area; 0.042 mm 2 by vesicle number)
is in reasonable agreement with the values derived from super-resolution light microscopy data (see §2). These estimates of the size of the elementary module are also compatible with an independent estimate that can be derived from measurement of PSDs in animals in which ). Recordings from such cells reveal that most synapses are silent. It is thus noteworthy that the PSD area in these cells is comparable with the size of the group of smallest synapses of normal cells (figure 3), which we have argued are silent synapses.
Additional information relevant to synapse structure comes from the tomographic study of NMDA receptor (NMDAR) clusters at synapses. Chen et al. [24] identified an NMDAR cluster located at the centre of normal PSDs (these synapses also contained AMPARs) that is 176 nm in diameter. This size matched the observed size of small PSDs lacking AMPARs in the MAGUK knockdown (approx. 180 nm in diameter). This corresponds to an area of 0.03 mm 2 , again pointing to this as the size of a silent synapse and thus roughly the size of an elementary module. Our analysis of the super-resolution and EM data suggests a linear (quantal) model for synapse growth, as shown in figure 5 . The smallest synapses are silent. These have only matrix (no modules) and are associated with two or three vesicles (silent synapse). In an initial LTP-induced growth process, a nanocluster associated with about five vesicles is added. In further growth, integer numbers of modules (matrix þ nanocluster) are added. In this linear growth model, memory is structurally encoded by the number of modules. Thus the number of size states is directly associated with the maximum number of modules that can be fitted into a synapse. Given our estimated module size of approximately 0.04 mm 2 and the largest measured PSD area [13] (figures 3 and 4), our estimate of the number of distinct synapse size states is approximately 10 (equivalent to 3.3 bits of information). Obviously, a larger size range would be estimated by taking rare outliers in the size distribution that have very small PSD sizes, but attaching physiological importance to rare synapses that are much smaller than the large group of silent synapses seems inappropriate. Some comment is warranted about the NMDARs depicted in figure 5 . Interestingly, Chen et al. [24] found that, although the number of AMPARs is positively correlated with PSD size, the number of NMDA channels is independent of PSD size [24] . These observations suggest that, during late LTP, increases in PSD size mainly involve the addition of AMPA channels. A recent super-resolution paper has determined that nanoclusters contain GluN2B [15] ; we therefore incorporated NMDA receptors into each module in the proposed model. Although LTP induction decreases the current carried by NR2B [25] , this appears to involve channel modulation rather than actual loss of NR2B content [26] . Therefore, in the model of figure 5 , we suggest that the new modules added after LTP induction have GluN2B-containing nanoclusters. It follows that the GluN2B in the matrix gets depleted, keeping the total number of NMDARs constant. The existence of GluN2B in each nanocluster may be functionally important because GluN2B is a critical binding target of phosphorylated CaMKII [27] . The resulting complex (the CaMKII/ NMDAR complex) is critical for the induction [28] and maintenance [29, 30] of LTP and may serve as the seed for structural organization of new nanoclusters [27] .
A previous analysis [13] on the EM data analysed here proposed a model in which the functionally distinguishable size states of the PSD vary by a proportional rather than by a quantal increment. The authors investigated the sizes of pairs of synapses making connections between the same presynaptic axon and the same postsynaptic dendrite (axondendrite-coupled synapses). They observed closely matched sizes for these pairs, as might be expected based on their common activity history. The authors then used the small size difference between each pair of axon-dendrite-coupled synapses to estimate size variations (CV, coefficient of variation) rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 372: 20160328 between functionally similar synapses, noting that the CVs do not show an apparent trend with synapse size (figure 6a), from which they concluded that the absolute variability (and hence limit on distinguishability) increases in proportion to synapse size. Note that volume of the spine head is plotted rather than PSD area, but the two quantities are closely related. Given the evidence for proportional differences in distinguishable size states, the authors used signal detection theory to estimate that the information storage capacity of a synapse is 26 levels (equivalent to 4.7 bits) or greater.
The modular growth model that we propose would require that functional states have sizes that differ in a quantal rather than proportional manner, given the linear dependence of synapse size on AMPA nanoclusters [14, 16, 17] ( figure 1) . Therefore, we investigated whether the data from Bartol et al. [13] might also be consistent with quantally distributed states. We found that PSD areas from the same dataset can also be accounted for by a quantal (linear) model in which pairs of axon-dendrite-coupled synapses have a number of modules that differ by at most one. As shown in figure 6b, most data points (8 of 10 pairs) fall between the black and blue dashed lines, where the black dashed line denotes identical number of modules, Dn module ¼ 0, and the blue dashed line denotes Dn module ¼ 1. We conclude that data of Bartol et al. [13] are not incompatible with quantally distributed size states.
Other information about gradation of synaptic strength
Recent EM reconstruction work [31] has identified a presynaptic nascent zone, a vesicle-free zone of the presynaptic grid that can be converted to active zone shortly after LTP induction (active zones are regions of the presynaptic grid with docked vesicles and neighbouring non-docked vesicles located less than two vesicle diameters from the presynaptic membrane). Later, after LTP induction, new nascent zones are added as the synapse grows. These observations suggest that small parts of the synapse can be presynaptically silent, a property that is not incorporated into our model (figure 5). One The evidence that bears on the question of whether synaptic strength at individual synapses changes by a binary process or by a graded process is very limited because of the difficulty of physiological analysis of single synapses. The work of Petersen [3] demonstrated that potentiation of individual synapses involves a step-like transition from silent to potentiated state, suggesting a binary process. Such step-like changes are much larger than could be accounted for by the addition of a single AMPAR, suggesting that groups of receptors are regulated together. This work was extended by O'Connor et al. [5] to show that plasticity at individual synapses exhibits step-like changes in response amplitudes that are bidirectional. Importantly, a study by Enoki et al. [6] that focused on longer timescales after LTP induction revealed that individual Schaffer collateral synapses are capable of exhibiting more than two levels of synaptic strength. This physiological work is thus consistent with the idea of structural gradation by addition of multiple modules.
Conclusion
Rapid progress is now being made in understanding the structure of synapses. The major new insight is that synapses are not uniform structures but, rather, have a trans-synaptic modular composition. Such modular organization was originally predicted on theoretical grounds [22] but now has firm experimental support. Modules may well be units of function in which a transmitter released within a module selectively affects AMPARs within that module [22, 32] . These considerations point to the importance of understanding the molecular composition of modules and the way that modules are modified and added after LTP induction. The analysis presented here shows how recent structural findings place strong constraints on models of LTP-induced synaptic modification and open the door for investigation of structure-function relationships. Based on the lack of a significant size dependence of the CVs, Bartol et al. [13] concluded that a functional change in a synapse involves increasing its size in a proportional manner. (b) PSD areas of these 10 pairs of axon -dendrite-coupled synapses are plotted with the larger synapse on the horizontal axis. The upper blacked dashed line corresponds to the same number of modules and identical PSD areas of the paired synapses. The lower blue dashed line represents the case in which the larger synapse has one more module. Most data points fall between the black and blue lines, indicating that synapses with the same presynaptic and postsynaptic experiences have an almost identical number of modules. This observation is consistent with the linear growth model, where memory is graded by the number of modules contained in a synapse. The plots were generated from data in [13] .
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